The aim of our study was to evaluate the influence of seasonal ambient temperature on the thyroid gland function in terms of serum total thyroxine (TT4), free thyroxine (fT4), total triiodothyronine (TT3), and canine thyroid stimulating hormone (cTSH) concentrations in healthy dogs of various breeds living outdoors and to compare them with those living indoors in flats and houses. The monitoring was conducted for 5 years and our study included 162 indoor dogs and 148 outdoor dogs of both sexes from 2 to 12 years of age, categorised into 3 groups according to their body weight: large (n = 17), medium (n = 16) and small (n = 17) breeds.
Thyroid hormones influence numerous physiological and biochemical events in cells, and are essential for healthy growth and development of neurological and skeletal systems. They have catabolic effects on muscle and adipose tissue and regulate cholesterol synthesis and degradation. Thyroid hormones have positive ionotropic and chronotropic effects on the heart (Scott-Moncrieff 2007). Thyroid hormones markedly stimulate Na + K + ATPase activity, which is connected to Na + and K + transport through the plasma membrane (Schaafsma et al. 2002; Slob et al. 2004 ). This process increases ATP utilisation. As a great part of oxygen consumption in the whole organism maintaining this transport system, the principal effect of the thyroid gland on the basal metabolism is expected to be correlated exactly with this effect. Thyroid hormones increase the metabolic rate and oxygen consumption of most tissues, with the exception of the adult brain, testes, uterus, lymph nodes, spleen and anterior pituitary (Ferguson 1988; Freake and Oppenheimer 1995) . They increase the 2,3-diphosphoglycerate production in erythrocytes, which facilitates oxygen release from haemoglobin and they stimulate the generation of heat. This supports the hypothesis that total thyroxine concentrations should vary in relation to ambient temperature and should reflect seasonal variation, too (Freake and Oppenheimer 1995) .
The aim of our study was to perform a comparative analysis of the influence of seasonal ambient temperature on the thyroid gland function, by measurement of serum total thyroxine (TT4), free thyroxine (fT4), total triiodothyronine (TT3), and canine thyroid stimulating hormone (cTSH) concentrations in healthy dogs of various breeds living outdoors and indoors in flats and houses.
Materials and Methods
Our study monitored TT4, fT4, cTSH and TT3 concentrations in serum of 310 healthy dogs of both sexes at the age of 2 to 12 years. The dogs were in private ownership. The study lasted from 2004 to 2008. Classification of dogs as healthy was based on their history, physical examination, complete blood count, biochemistry and endocrinological profile. According to the body condition score, lean and obese dogs (grade 1, 4 and 5) were excluded from the study. Females with serum progesterone concentrations exceeding 0.5 ng/ml were excluded, too. Dogs were divided into 3 groups based on their body weight. Dogs weighing over 27 kg were classified as a large group (n = 110), dogs with the body weight ranging from 12 kg to 27 kg were included in the medium group (n = 89) and dogs with a body weight below 12 kg (n = 111) represented the small group.
Each group was subdivided into dogs kept outdoors throughout the year and dogs kept indoors in flats and houses. Groups of dogs based on their body weight, breed, indoor or outdoor keeping and their numbers are shown in Table 1 . Dogs kept indoors were exercised 2-4 × per day, but spent most of the day and the whole night in flats or houses. All dogs were fed a standard commercial dry food twice a day. No dog included in the study received medication apart from routine flea and worm control products. Standard health checks and serological tests were carried out in each dog twice a year and at annual vaccination.
In indoor and outdoor dogs, serum TT4, fT4, cTSH and TT3 concentrations were monitored in every season in relation to the ambient temperature. Official data for monthly average ambient temperatures were obtained from the Meteorological Institute of the Slovak Academy of Science for years [2004] [2005] [2006] [2007] [2008] . While the average spring and summer ambient temperatures rose to 10.2 °C and 19.8 °C, respectively, the autumn and winter average ambient temperatures inland were 9.82 °C and -0.35 °C, respectively (latitude 48.4 °N).
In most cases, blood samples were collected by venipuncture of v. cephalica antebrachii between 10.00 h and 14.00 h after 12-h fasting. Serum TT4, fT4 and TT3 concentrations were measured using radioimmunoassay and serum cTSH concentration by immunoradiometric assay validated for the use on serum from dogs (Coat-A-Count Canine TSH, IRMA, Diagnostic Products, Los Angeles, California). Two-way ANOVA was used for statistical comparison of the basal serum TT4 or fT4 and cTSH concentration between breeds with seasonal dependency. The value of P < 0.05 was considered significant. One-way ANOVA was used for comparison of TT4, FT4 and cTSH concentrations in relation to age of various dog breeds.
Results
The average serum TT4 concentrations 29.11 nmol/l, 36.31 nmol/l and 39.11 nmol/l in dogs of large, medium and small breeds kept outdoors, respectively, were higher than those in dogs kept indoors in the same weight groups (27.31 nmol/l, 32.55 nmol/l, 38.53 nmol/l, respectively).
Comparison of the average TT4 concentrations in various breeds of dogs confirmed the tendency to higher concentrations in medium and small breeds of dogs compared with large breeds. Differences in mean concentrations of serum TT4 in relation to breed size were confirmed as significant (P < 0.05) in dogs kept both indoors and outdoors. Comparison of serum TT4 concentrations during seasons in dogs kept indoors and outdoors confirmed their fluctuation in relation to the ambient temperature in all weight groups (Table  2 ). This fluctuation was more marked in outdoor dogs, with the lowest average TT4 concentrations (22.89 nmol/l, 28.02 nmol/l and 33.18 nmol/l) in large, medium and small breeds of dogs, respectively, recorded in summer and the highest in winter (35.31 nmol/l, 42.71 nmol/l, 41.66 nmol/l, respectively). Comparison of seasonally dependent serum TT4 concentrations between weight groups of dogs kept outdoors confirmed significance (P < 0.05).
Analysis of mean serum fT4 concentrations in outdoor dogs of large (13.09 pmol/l), medium (14.32 pmol/l) and small breeds (15.26 pmol/l) showed higher concentrations in comparison with indoor dogs in the same weight groups (12.79 nmol/l, 14.21 nmol/l, and 15.11 nmol/l, respectively). This monitoring of mean serum fT4 concentrations in the weight groups of dogs showed a tendency to the higher levels in medium and small breeds in contrast to large ones. Dependency of fT4 concentrations on the breed size was found to be significant in both indoor and outdoor dogs (P < 0.05). Fluctuation of fT4 was confirmed in indoor and outdoor dogs throughout the year in all weight groups in relation to ambient temperature (Table 2) . In outdoor dogs, the lowest fT4 concentrations in all breeds was found in Table 2 . Influence of ambient temperatures during seasons on serum total thyroxine (TT4), free thyroxine (fT4), canine thyroid stimulating hormone (cTSH), and total triiodothyronine (TT3) concentrations in indoor and outdoor large, medium and small dogs. summer (11.03 pmol/l, 12.24 pmol/l and 13.24 pmol/l, respectively) and the highest in winter (15.33 pmol/l, 16.13 pmol/l, and 16.45 pmol/l, respectively). Significant seasonal serum fT4 fluctuation in outdoor dogs was recorded with significant differences in fT4 concentrations in relation to ambient temperatures (P < 0.05). Evaluation of mean serum cTSH concentrations in large (0.134 pg/ml), medium (0.145 pg/ml) and small breeds (0.140 pg/ml) of outdoor dogs did not reveal any significant differences in their concentrations when compared with indoor dogs of the same weight groups (0.139 pg/ml, 0.143 pg/ml, and 0.156 pg/ml, respectively). The comparative analysis of the serum cTSH concentrations during seasons in indoor and outdoor dogs revealed mild seasonal fluctuation in relation to the ambient temperature mainly in outdoor dogs of medium breeds as showed in Table 2 . Fluctuation of the serum cTSH concentrations from season to season was considered significant in outdoor dogs (P < 0.05).
Monitoring of serum TT3 in indoor and outdoor dogs of large, medium and small breeds clearly showed that their concentrations are not influenced either by breed size or by seasonally varying ambient temperature (Table 2 ). Statistical analysis did not confirm any significant differences in the TT3 concentrations either between weight groups or interseasonally. Table 3 shows the summary results of statistical analysis for TT4, fT4, cTSH and TT3 in indoor and outdoor dogs of large, medium and small breeds.
Our results from monitoring the serum TT4, fT4 and cTSH concentrations revealed a significant relationship between concentration peak and ambient temperature in outdoor dogs. Therefore, we carried out further tests of correlation coefficients on these outdoor dogs and calculated equations of serum TT4, fT4 and cTSH concentrations in relation to ambient temperature (t) ( Table 4) . Values of correlation coefficients of serum TT4 and fT4 concentrations confirmed significant negative dependency in large (r = -0.640 and -0.727), medium (r = -0.672 and -0.473) and small breeds of dogs (r = -0.609 and -0.400) on ambient temperature (Table 4) . Serum cTSH concentrations correlated significantly with ambient temperature but only in medium breeds of dogs. Reported equations allow calculating physiological serum TT4, fT4 and cTSH concentrations in healthy dogs after substituting the value of ambient temperature (t) ( Table 4) .
Discussion
Thyroid hormone secretion is essential for the postnatal development of neural and skeletal systems, for the organism's growth and appropriate degree of metabolic activity, including generation and release of energy. Consequently, concentrations of these hormones are higher during growth and development than in maturity (Reimers et al. 1990; Freak and Oppenheimer 1995) . Ferguson (1988) published the results of studies confirming that the highest concentrations of total thyroxine (TT4) occur in puppyhood and that a marked decline in its concentration occurs from 3 to 9 years of age, with a subsequent rise in TT4 concentration. Although his results were obtained from only one dog breed, namely Beagles, similar results have been published by other authors (Hoh and Oh 2006; Ferm et al. 2009 ).
In our study, we focused on dogs aged from 2-12 years in order to have a homogenous group of healthy animals whose serum thyroid concentrations could not be influenced by young age.
Physiological TT4 concentrations in small breeds of dogs are generally higher than those in medium or large breeds (Reimers et al. 1990; Feldman and Nelson 2004; Lee et al. 2004 ). We also found significant differences in TT4 and fT4 concentrations between breeds; large breeds were confirmed to have lower serum thyroid hormone concentrations than medium and small breeds in both dogs kept outdoors and indoors. Serum TT3 and cTSH were not influenced by breed size.
Many authors described specific differences in TT4 and fT4 concentrations in different breeds of dogs. Panciera (1997) reported that sighthounds have much lower serum TT4 concentrations than most other breeds, frequently within the hypothyroid range. Studies of Greyhounds have shown that they have their basal TT4 concentrations below the non-breed-specific reference range, and that their fT4 concentrations are also relatively low, although not to the same degree as TT4. No significant differences were detected between the concentrations of cTSH in Greyhounds and other breeds (Hill et al. 2001; Gaughan and Bruyette 2001) . Similar results were also found in Whippets, where the mean TT4 values were significantly lower in comparison to the control group, but no significant differences were seen between Whippets and control dogs for fT4 and cTSH (Geffen et al. 2006) . A study evaluating the thyroid status in Basenjis in Australia documented a similar reference range for the serum TSH but a considerably lower reference range for TT4 than in most breeds, resembling the sighthounds in this respect (Seavers et al. 2008) . To get over breed differences in the serum thyroid hormone concentrations a sufficient number of breeds were included to our study that would reflect the normal interbred variation within the dog population in Slovakia. The observed dogs were divided into 3 weight groups with respect to the differences in the thyroid hormone concentrations according to breed size.
Many studies documented also other factors influencing serum thyroid hormone concentrations including latitude, circadian rhythm and seasonal changes (Oohashi et al. 2001; H o h and O h 2006; Dunlap et al. 2008 ). There were interesting results, although samples were relatively small. Oohashi et al. (2001) monitored monthly fluctuation of serum TT4, fT4 and cTSH concentrations for one year. They compared their results with those from monitoring a larger sample of German Shepherds and Dachshunds whose serum TT4 concentrations correlated with ambient temperatures, the highest being in winter and the lowest in summer (Tučková et al. 1995) . Conversely, the above mentioned monitoring of Beagles recorded the lowest serum TT4 concentrations in January and the highest in March, August and September. The author claimed that fT4 measurement should represent the thyroid function more accurately than TT4 monitoring and suggests that in Beagles the highest fT4 concentrations was recorded in January and November as a reaction to the decreased ambient temperature by increasing of the basal metabolic rate.
Monitoring of basal cTSH concentrations in different months did not reveal seasonal dependency (Oohashi et al. 2001) . Seasonal serum cTSH fluctuation in our study was found to be significant only in the medium breeds living outdoors, but their concentrations did not exceed the reference range 0-0.4 ng/ml (Boretti and Reusch 2004) .
In summary, we can state that serum TT4 and fT4 concentrations showed seasonal dependence in both outdoor and indoor dogs of all breeds. In dogs kept outdoors, this fluctuation was significant and quantifiably dependent on ambient temperature. Statistical analysis confirmed a negative correlation with the ambient temperature in dogs kept outdoors. Reported equations found in Table 4 allow calculating physiological serum TT4, fT4 and cTSH concentrations in healthy dogs after substituting the value of ambient temperature (t).
